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Kukreja, Jaspreet S. MSAA, Purdue University, December 2015. Crash analysis of a
conceptual electric vehicle with a multifunctional battery system. Major Professors:
Weinong Chen.
For current electric vehicles, batteries are employed only as an energy source.
Due to safety concerns, the space for battery storage is co-allocated with passenger
space, which would constrain the design for the vehicle. An architectured multifunc-
tional battery-structure material, namely Granular Battery Assembly (GBA), has
been proposed by Tsutsui et al. [1]. Such a material system utilizes the deformation
of sacrificing tubes to dissipate impact energy and protect the battery cells, thereby
allowing the batteries to be placed in the front crumple zone of an electric vehicle,
while also ensuring occupant safety. The primary focus of this study was vehicle level
design analysis of GBA for application in an electric vehicle. A parametric study was
performed to determine suitable characteristics of the GBA system for installation
in a vehicle. To reduce computational cost, a homogenized material was used to
represent GBA in the finite element model of the vehicle. Frontal crash simulation
of a vehicle with GBA placed in crumple zone was performed on LS-DYNA plat-
form.The crash response was used to demonstrate the utility of GBA mechanism to
keep the batteries and passengers safe. The incorporation of GBA into an electric
vehicle would allow for battery space to be decoupled from passenger space, thereby
increasing the vehicle design freedom. Use of the crumple zone for battery storage





An electric vehicle (EV) uses one or more electric motors to provide propulsion. It
can be powered using off-vehicle sources (plug-in) or liquid fuel (hybrid). Whatever
the source may be, a battery system is used to power the motors. EVs can refer to
any form of transportation - ground, sea, or air. For the current study, the focus will
be on ground electric vehicles (electric cars).
The concept of electric vehicles was first demonstrated in the 1830s, and commer-
cial electric vehicles were available by the end of the 19th century. As of 2015, the
electric vehicle has entered its third century as a commercially available product and
as such it has been very successful, outlasting many other technical ideas that have
come and gone. [2]
The transportation sector heavily relies on fossil fuels, which are rapidly depleting
and are also a major source of greenhouse gas emissions. This has resulted in the
research and development of electric vehicles blooming significantly [3]. As a result of
the legislative measures implemented to reduce traffic pollution and limit greenhouse
gas emissions, electric vehicles are becoming increasingly integrated in several cities
across Europe and the US [4].
A comparison of the economic and environmental impact of conventional, hybrid,
electric, and hydrogen fuel cell vehicles was done by Dincer et al. [5]. The analy-
sis shows that the hybrid and electric cars have advantages over the others. The
economics and environmental impact associated with use of an electric car depends
substantially on the source of the electricity (renewable energy sources or fossil fuels).
It is concluded, therefore, that the electric car with capability for on-board electric-
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ity generation represents a beneficial option worthy of further investigation in the
development of energy efficient and ecologically benign vehicles.
Figure 1.1.: Economic characteristics of four vehicle technologies [5]
Fig. 1.1 shows the economic characteristics for the four vehicle technologies. The
price of battery changes and the driving range are apparent drawbacks for EVs. The
costs for battery packs are rapidly falling [6], and improvement in the driving range
is predicted based on advances in the field of battery technology [7].
History of EVs
The birth of the electric car is hard to attribute to a single inventor or country. A
series of breakthroughs in the field of batteries and the electric motor in the 1800s led
to the creation of the first electric car. Between 1832 to 1839, innovators in Hungary,
the Netherlands, and the United States created some of the first small-scale electric
cars in the form of carriages powered by non-rechargeable primary cells [8].
In the second half of the 19th century, French and English inventors built some
of the first practical electric cars. In 1891, William Morrison of Iowa built the first
successful electric car in the United States [9]. Around this time the commercial
production of EVs had started. Personal cars were still not common at this time.
In the late 1890s, the first electric taxis hit the streets of New York City. Gasoline
cars also entered the market around this time. They required a lot of manual effort
to drive – changing gears and starting with a hand crank. They were also noisy and
3
their exhaust gas was unpleasant. Hence, EVs outsold gasoline cars ten to one and
dominated the roads and dealer showrooms [10].
(a) First crude electric vehicle developed
by Robert Anderson around 1832
(b) Henry Ford with the first Model T
and the 1 millionth
Figure 1.2.: Initial electric and gasoline vehicles [9]
By the start of the 20th century, Henry Ford’s mass produced gasoline-powered
Model T (Fig. 1.2(b)) dealt a blow to the electric car. By 1912, the gasoline car cost
only $650, while an electric roadster sold for $1,750 [9]. Charles Kettering introduced
the electric starter at that time, eliminating the need for the hand crank and giving
rise to more gasoline-powered vehicle sales [9]. By the 1920s, the United States had
an improved road system that connected different cities, bringing with it the need for
longer range vehicles. The discovery of Texas crude oil reduced the price of gasoline so
that it was affordable to the average consumer [8]. Gas stations made their way across
the United States and filling up a car with gas became very easy. In comparison, very
few Americans outside of cities had access to electricity at that time [9].
Due to these factors, by the end of World War I, production of electric cars had
stopped for general public. In fact, EVs were restricted to serving as taxis, trucks,
delivery vans, and freight handlers. [11]
Over the next 30 years, there was almost no advancement in EV technology.
Inexpensive, abundant fuel, and continued improvement in the internal combustion
engine further led to the decline of EVs [12].
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In the late 1960s and early 1970s, there was a rebirth of EVs prompted by concerns
about air pollution and the 1973 oil crisis [10]. This generated an interest in lowering
the United States’ dependence on foreign oil and shifting to vehicles that use other
sources of energy – electric vehicles and hybrid vehicles.
Figure 1.3.: GM released the EV1 in 1996 [13]
By the 1990s, new federal and state regulations began to change the EV market.
The passage of the 1990 Clean Air Act Amendment and the 1992 Energy Policy Act,
in addition to the new transportation emissions regulations issued by the California
Air Resources Board, helped create a renewed interest in EVs in the United States.
During this time, automakers, such as General Motors, Toyota, and Honda, began
modifying some of their popular vehicle models into EVs. This meant that EVs now
achieved performance levels comparable to gasoline cars. [9]
Though EVs were still relatively expensive, there were rising concerns about the
detrimental effects of fossil fuels on the environment and global warming. Around this
time, General Motors EV1 (Fig. 1.3) was launched. It catered to the new pollution
regulations at that time and became fairly popular. But because of high production
costs, the EV1 was never commercially viable, and it was discontinued in 2001 [14].
By the turn of the 21st century, two incidents marked the true revival of EVs
— the global release of the Toyota Prius, which was the first commercially success-
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ful hybrid electric vehicle (HEV), and the emergence of Tesla Motors, which started
the production of luxury EVs with improved driving ranges (Fig. 1.4(b)). Toyota
Prius used nickel-metal-hydride battery technology and Tesla used lithium-ion bat-
tery technology to enhance their performances. Now, all the major automakers had
entered the electric car market with models such as the Nissan LEAF, Chevrolet Volt,
Mitsubishi i-MiEV (Fig. 1.4(a)), BMW i3, etc.
(a) Mitsubishi i-MiEV, 2009
(b) Tesla Roadster, 2006
Figure 1.4.: Reforms in design of EVs [15]
As of 2015, consumers have more choices than ever when it comes to buying an
EV. There are more than 23 plug-in hybrid electric vehicle (PHEV) and 36 HEV
models available in a variety of sizes – from the two-passenger Smart ED to the
midsized Ford C-Max Energi to the BMW i3 luxury SUV. As the automobile market
6
shifts from fossil fuels and the prices of EVs continue to drop, EVs are gaining in
popularity – with more than 234,000 PHEVs and 3.3 million HEVs on the road in
the United States as of the end of 2014. [9]
1.1.2 Battery Packs
An electric vehicle uses a battery to power the electric motors. Batteries for elec-
tric vehicles are characterized by their relatively high power-to-weight ratio, energy-
to-weight ratio, and energy density. Smaller and lighter batteries would reduce the
weight of the vehicle and improve its performance. Compared to liquid fuels, most
current battery technologies have much lower specific energy, thereby impacting the
maximum all-electric range of the vehicles. The types of rechargeable batteries used in
EVs include – lead-acid, nickel-cadmium, nickel metal hydride, lithium-ion, lithium-
ion polymer, and, less commonly, zinc-air and molten salt batteries.
Evolution of battery packs
Significant landmarks in the evolution of batteries used in EVs are as follows:
• 1835: Prof. Sibrandus Stratingh and his assistant, Christopher Becker, of
Netherlands built a small electric car powered by non-rechargeable batteries
(Fig. 1.5(a)) [15].
• 1881: Englishmen William Ayrton and John Pery built an electric tricycle
(Fig. 1.5(b)) [15]. It used lead-acid cells and it was the first vehicle to use
electric lights. It had a range of 10 to 25 mi and a maximum speed of 9 mph.
• 1901: Thomas Edison patented the nickel-iron battery [16] (Fig. 1.6). He later
improved the design in 1908.
• 1959: Henney Kilowatt was introduced. It used a lead-acid battery pack which
was stored in the front engine compartment (Fig. 1.7). It had a range of 60 mi
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(a) A small electric car pow-
ered by primary cells
(b) An electric tricycle powered
by lead-acid cells
Figure 1.5.: Battery technology in initial EVs [15]
(a) Thomas Edison shows his
battery packed under the front
seat of an early EV
(b) An advertisement for the
battery
Figure 1.6.: Thomas Edison battery [17]
and a top speed of 60 mph. It wasn’t a success in the market due to its high
price. [18]
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Figure 1.7.: Henney Kilowatt battery pack [19]
• 1974: Sebring-Vanguard launched CitiCar. It used a lead-acid battery pack
which was stored under the driver and the passenger seat [20].
Figure 1.8.: GM EV1 battery pack [13]
• 1996: GM released the EV1, which employed a lead-acid battery pack (Fig. 1.8).
It had a top speed of 80 mph and a top range of 160 mi [13].
• 1997: AC Propulsion launched tzero - a handmade electric sportcar. It initially
utilized lead-acid battery technology, which was housed in the vehicle side struc-
ture (Fig. 1.9(a)). The battery pack was later converted to lithium-ion battery
cells (Fig. 1.9(b)). [21]
• 2008: Tesla Motors unveiled the Tesla Roadster. It utilized the rear trunk for
storing a Li-ion battery pack (Fig. 1.10). It was the first production battery
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(a) Lead-acid battery pack (b) Li-ion battery pack
Figure 1.9.: AC Propulsion tzero battery pack [21]
electric vehicle to travel more than 200 mi per charge and the first US and EU
certified Li-ion battery electric vehicle. It had an estimated range of 244 mi and
zero tailpipe emissions. [22]
Figure 1.10.: Tesla Roadster battery pack [23]
• 2010: Chevrolet Volt (Fig. 1.11(a)) and Nissan LEAF (Fig. 1.11(b)) employed
Li-ion batteries. Volt utilized a tunnel mounted battery pack and LEAF utilized
a floor integrated battery pack. LEAF, a pure EV, had a range of about 73 mi,
whereas Volt, a PHEV, had a range of 38 mi, after which the vehicle became an
HEV.
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(a) Chevrolet Volt battery pack [24] (b) Nissan Leaf battery pack [25]
Figure 1.11.: Placement of battery packs in the passenger cabin
• 2012: Tesla revolutionized the EV industry with the introduction of Tesla
Model S. A Li-ion battery pack formed the floor of the vehicle between the
axles (Fig. 1.12). It is protected by a ballistic shield on the outside [26]. It had
a range of around 230 to 270 mi [27].
Figure 1.12.: Li-ion battery pack for Tesla Model S [28]
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1.1.3 Placement of Battery Packs
Lithium-ion battery technology is the dominant battery chemistry for EVs due
to their better performance compared to other technologies in terms of both specific
energy and specific power [29]. Protecting lithium-ion cells from crash related damage
is a serious concern for vehicle manufacturers [30]. As evident from the examples
shown in Section 1.1.2, battery packs are usually placed in well-protected areas, away
from the crumple zone [30].
Common battery integration modes in EVs are as follows:
• Tunnel mounting – battery modules are arranged along the tunnel between
the seats and in the area of the real axle under the passenger seat [30]. Such ar-
chitecture is found in Fisker Karma, Opel Ampera, and Chevrolet Volt (Fig. 1.11(a)).
It ensures an excellent protection against frontal collision and side impact. But
this solution may sometimes compromise passenger comfort and interior space.
Still it is not unconditionally safe, as one fire accident following a side collision
test prompted NHTSA to launch a full investigation [31].
• Floor integrated – battery modules are mounted externally underneath the
vehicle floor. This results in lowering the car’s center of gravity and does not
interfere with the accommodation for the passenger and luggage. But this
space is rather limited and lowering the vehicle ground clearances could have
grave consequences [30]. Chevrolet Spark, Renault Zoe, and Nissan LEAF
(Fig. 1.11(b)) use such architecture.
• Rear mounting – battery pack stored behind the rear seats. This type of
arrangement does not influence passenger comfort, but is only suitable for rear-
wheel-drive vehicles, which are not that common amongst modern vehicles.
Tesla Roadster (Fig. 1.10) utilizes this form of battery integration.
• Platform – battery pack is designed to be extremely flat and it forms the floor
of the vehicle. It spans from the rear axle to the front and from one side of
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the car to the other [32]. This type of battery integration uses a body-on-frame
vehicle design, which is not preferred for modern passenger vehicles due to its
poor crash performance [33]. This battery configuration is found amongst others
in BMW i3 and Tesla Model S (Fig. 1.12).
A study was performed by EVERSAFE [34] to understand the expected crash
loading that would be subjected to EVs, identify potential compatibility issues with
existing vehicles, and understand how batteries respond during crash conditions. This
study followed the idea of maintaining the battery in an undeformed part of the ve-
hicle, and analyzed various crash scenarios and their impact on the batteries. Con-
ventional vehicles were used as a surrogate for EVs to identify expected deformation
and acceleration loads from real crashes.
Figure 1.13.: Comparison of vehicle intrusions in real world accidents and crash
tests [35]
Figure 1.13 shows the deformation patterns for real world accidents and crash
tests based on research by Justen [35]. It shows that the passenger cabin forms the
safe zone in a vehicle, which is usually employed for storing conventional battery
packs. EVERSAFE [34] used this safe zone for battery storage to investigate the
safety of the batteries and passengers in different crash scenarios.
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1.1.4 Car Crash Simulation
A crash test is a form of destructive testing usually performed to evaluate the
safety performance and crash mechanism for automobiles or related components. The
most common type of crash tests are – front, front offset, side impact, and rollover.
A frontal crash is one of the most severe crashes and is most likely to cause fatalities.
Hence, it is a major factor in determining the crash safety rating of a vehicle.
Crash simulation is a virtual recreation of a destructive crash test of a vehicle using
a computational analysis software to examine the level of safety of the vehicle and
its occupants by analyzing the deformation of various components in the vehicle. As
of 2015, product development in the automobile industry relies heavily on numerical
simulations. The influence of design parameters on the performance and the safety of
the vehicle can be investigated by using crash simulations instead of real crash tests.
1.2 Scope of Research
1.2.1 Background
The work done by the team at Purdue University working as a part of the ARPA-E
RANGE Program [36] on the design and analysis of a multifunctional battery system
forms the platform for the work presented in this thesis.
Granular Battery Assembly (GBA)
In current electric vehicles (EVs), battery systems only serve the role of electri-
cal energy storage, and are co-located with the passenger cabin for protection from
external loads. To enhance the overall performance of EVs, multifunctional battery
systems are desired such that the system performs both a structural and an energy
storage function.
A multifunctional battery-structure system, namely Granular Battery Assembly
(GBA), shown in Fig. 1.14, has been introduced as a part of the APRA-E RANGE
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Figure 1.14.: GBA concept [36]
program [36]. The battery pack will act as a power source during normal opera-
tion, whereas the battery pack deforms and dissipates impact energy during vehicle
collision, thereby protecting the batteries and the passengers.
Figure 1.15.: Experimental verification of the advantage of employing GBA
mechanism [36]
The GBA material system is composed of cylindrical battery cells surrounded by
multiple sacrificing tubes. These tubes help control the stress levels on the batteries
when under impact. The proposed system inherits features of the energy absorbing
characteristics of both cellular and granular materials while at the same time pro-
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viding energy storage in the battery units. The combination of the two aspects, en-
ergy storage and battery protection, within GBA defines a multifunctional structure-
battery system.
Design Levels
The design for GBA can be split into three levels - battery cell level, pack level,
and vehicle level (Fig. 1.16). These three levels are inter-dependent and any design
change will influence all the other levels.
Figure 1.16.: GBA Design Levels
Battery Cell Level: The behavior of a unit cell under impact has been analyzed
through experiments as well as simulations. Experiments were performed by Tsutsui
et al. [36] (Fig. 1.17) to determine the critical failure force for 18650 battery cells.
Both mechanical and electrical failure points were studied. These experiments were
also verified through simulations using Abaqus.
The effect of following parameters was investigated:
• Sacrificial element (hollow or solid)
• Indenter size (diameter = 6.35 mm, 7.94 mm , 8.73 mm, or 9.53 mm)
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(a) Battery and fixture placed in
MTS machine
(b) Measurement of electrical fail-
ure using voltage tabs
Figure 1.17.: Experimental set-up for battery level analysis [36]
• Loading rate (ε̇ = 10-3/s to 101/s)
• State of charge (high or low)
• Battery type (a lithium iron phosphate (LiFePO4) 18650 cell by A123 or lithium
nickel cobalt aluminum oxide (NCA) 18650 cell by Panasonic)
Figure 1.18.: RVE analysis [36]
A representative volume element (RVE) study (Fig.1.18) was performed by T.
Nguyen [36] as a part of this project. Multi-objective optimization was performed to
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maximize the energy storage per unit mass and impact energy storage per unit mass.
The design variables used were sacrificing tube radius and sacrificing tube thickness.
The material for the tube was arbitrarily chosen as Aluminum 6061. Based on the
constraints defined, a set of optimal solutions were obtained. The “best design”
can then be chosen based on additional information, such as minimum collapse load,
availability, and manufacturing cost. Additional information for this study is given
in Appendix D.
The results for the experiments and simulations will provide an allowable range
for tube radius, tube thickness, and failure stress for the battery. These results will
act as an input for the vehicle level analysis.
Pack Level: The behavior of a battery as a part of the GBA system was analyzed
using both experiments and simulations. Two types of loadings were implemented –
quasistatic and dynamic. The results for these analyses demonstrated the working of
GBA mechanism as well as provided the effect of packing arrangement and impact
direction on the functioning of GBA.
Vehicle Level: The analysis of the GBA system installed in a vehicle is the focus
for this study, and it has been discussed in detail in the next section.
1.2.2 Problem Statement
As discussed earlier in Section 1.1.3, most of the modern EVs utilize the passenger
cabin for the storage of batteries. This is because battery packs are not designed to
sustain impact loads and need to be protected. The use of GBA will allow for the
batteries to be placed in the engine compartment of a vehicle. Figure 1.13 showed
that the engine compartment experiences significant deformation when the vehicle
undergoes a frontal crash. Unlike a conventional battery pack, GBA could be placed
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(a) Pack level experiment model (b) Pack level FE model
Figure 1.19.: Set-up for pack level analysis [36]
in the crumple zone and it would be able to deform while controlling the stress levels
in the batteries.
Use of the engine compartment for battery storage instead of using the vehicle
floor (as in Tesla Model S (Fig. 1.12)) would allow the use of a unibody vehicle
configuration instead of a body-on-frame configuration. A unibody vehicle frame has
a high strength-to-weight ratio and can have a better-engineered crumple zone [33].
The incorporation of GBA into an EV will also allow for the battery space to
be decoupled from passenger space, thereby increasing the vehicle design freedom.
Batteries could then be stored in the engine compartment, in addition to the space
under the rear seat, without compromising passenger comfort or safety. This would
enhance the available battery space.
Placement of the GBA system in the crumple zone must satisfy the following
objectives:
1. Keep the batteries safe
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Figure 1.20.: Use of GBA in the crumple zone of a vehicle
2. Ensure safety of the passenger during a crash
3. Maximize the energy storage capacity of the EV
The focus of this study is the determination of optimal characteristics of GBA for
installation in an EV which would satisfy the above objectives. A parametric varia-
tion study for GBA was performed by using frontal crash test simulation for safety
evaluation.
Rather than using multiple batteries and sacrificing tubes, a homogenized material
was used to represent GBA (Fig. 1.21). This significantly reduced the computational
expense and complexity. A metallic foam material best represented the dynamic
response of GBA – compression with no Poisson’s effect.
1.3 Project Outline
The evolution of EVs and battery packs has been discussed to describe the moti-
vation for this research in Chapter 1. Common battery integration modes for used in
current EVs are presented and the safe zones for battery storage are distinguished.
The purpose of car crash tests and their simulations to understand the influence of de-
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Figure 1.21.: GBA will be represented by a homogenized material block for
simulation purposes
sign parameters on the performance and safety of the vehicle has also been explained
in this section.
The background for this research has been established by introducing the work
done by the team at Purdue University working as a part of the ARPA-E RANGE
Program [36]. The concept of GBA is introduced and the analyses of battery cell
level and pack level done by other members of the team has been explained. The
relevance of using GBA in the engine compartment of a vehicle has been discussed. My
contribution to this project is the application of GBA in a vehicle; the determination
of optimal characteristics of GBA is the primary objective.
In Chapter 2, the details for the base model have been listed. The removal of
engine components from the base model and the installation of GBA is shown. The
choice of the homogenized material model to represent GBA in the FE model is
explained. The different cases for the variation of parameters, such as longitudinal
length, cross-sectional area, material properties, and use of sacrificial foam, are shown.
Cases comparing GBA with a fully-compacted battery assembly are also shown. The
simulation set-up and the evaluation of passenger and battery safety are discussed.
In Chapter 3, the results and interpretations for the cases shown in the previous
chapter are shown. The outputs for the simulation model are verified with the real
crash test data. The effect of parametric variation has been evaluated by analyzing
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the vehicle acceleration plots and the stress contours for the GBA blocks for each
parameter.
Chapter 4 summarizes the results for the parametric variation of GBA and empha-
sizes the relevance of the incorporation of GBA mechanism in a vehicle by comparing
it with other EVs in the market. For future work, recommendations, such as multi-
level optimization, design of vehicle base frame, and use of a mathematical model, to




2012 Toyota Camry (Fig. 2.1) was chosen as the base model for this project
because it was suitable for EV application. A finite element model for this car was
readily available from National Crash Analysis Center (NCAC) at George Washington
University [37]. The model replicated the test conditions for New Car Assessment
Program (NCAP) Frontal Impact Test number 7520 (35 mph, 56 km/h) [38]. The
simulation model had missing interior components (human dummy models, seats,
and steering wheel) which are required for occupant analysis.
Figure 2.1.: FE model for 2012 Toyota Camry [37]
• Model details:
– Simulation time: 0.15 s
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– Simulation code: LS-DYNA
– Simulation type: Explicit Analysis
– Number of nodes : 1,724,549
– Number of elements : 1,672,810 (Beam, Shell, Solid, Discrete)
– Number of parts : 663
– Average element size: 6-7 mm
– Materials : Elastic (MAT001), Rigid (MAT020), Piecewise Linear Plastic-
ity (MAT024), Spotweld (MAT100)
– Mass scaling factor : -5E-07
– Initial conditions : Initial unidirectional velocity of 15,646.4 mm/s given to
all parts
– Vehicle mass :1421 kg
– Wall load cells : 45 load cells of size 247 mm by 234 mm arranged in a 5 by
9 matrix
– Numerical mass added in passenger cabin for passengers and luggage:
207 kg.
Note that this additional mass has been used for all the cases in the fol-
lowing sections. For the rest of this study, mass would refer to only the
vehicle mass.
Nomenclature: 2012 Toyota Camry FE model will be referred to as “Original
Camry” in the subsequent chapters.
2.2 Removal of Engine Components
The Original Camry had certain parts, such as engine, exhaust system, gas tank,
etc., which were not required for an EV. These parts were removed from the model
and in its place GBA was installed. The total mass of the removed parts was 350 kg.
This gave an “empty” model which was used for investigation of the contribution of
the vehicle frame to the overall crash response.
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(a) Original Camry (b) Empty Model
Figure 2.2.: Removal of IC engine components
Nomenclature: 2012 Toyota Camry FE model without IC engine components will
be referred to as “Empty Model” in the subsequent chapters.
2.3 Modified Camry - Installation of GBA
The empty model was used as the base frame to install the GBA system. The gas
tank region is supposed to be safe during frontal impact due to the protection provided
by the surrounding structures. Therefore, instead of using GBA, fully-compacted
battery assembly was placed here. The crumple zone (engine compartment) would
experience severe deformation during frontal impact, therefore it requires GBA mech-
anism for safety of batteries. Thus, directly batteries were used in the gas tank region
and GBA was employed in the crumple zone.
To reduce computational cost and complexity, the mechanical response of GBA
was homogenized and modeled by an equivalent foam material model in the com-
mercial finite element package, LS-DYNA. Multiple rectangular shaped blocks were
created in the empty engine compartment and they were numerically tied together
to act as one block, which would represent GBA (Fig. 2.3). This block was assigned
the homogenized material model. 8-noded solid brick elements of element size 10 mm
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were used when creating the GBA block. The block was mounted on the vehicle
frame using numerical constraints. The simulation parameters were kept the same as
for the base model.
Figure 2.3.: GBA installed in Camry
Note: Power system and motors have not been added to the current model.
Space under the rear seat and next to the wheels has been allotted for the same. For
comparison purposes, 200 kg was added to the vehicle mass to all the cases to account
for these parts.
2.3.1 Choice of Homogenized Material Model
The homogenized material model used for the representative GBA block should
closely represent the mechanical behavior of GBA under impact load. Based on
the sacrificing tube diameter and thickness selected, a stress-strain curve for the
material model can be obtained from the RVE study. An appropriate curve within
the design space for the RVE study was selected to define the material response for two
material models available in LS-DYNA [39] – piecewise linear plasticity (MAT024)
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and crushable foam (MAT063). These two models were chosen because they were
simple, required less computation time, and the stress-strain behavior could be easily
defined.
It should be noted that GBA was not designed to sustain tensile loads. But,
application of GBA in a vehicle resulted in inertial loads. These loads were tackled
by defining the tensile behavior for the material models. Physically, this can be
thought of as a thin container around GBA.
The choice for the homogenized material model was then made using the crash
response for the cases described below.
Elasto-plastic Material
The type 24 material (MAT024), an elasto-plastic material, in the LS-DYNA
library was chosen for this simulation. An arbitrary stress versus strain curve and
other material properties were defined as follows:
• Density = 2000 kg/m3
• Young’s modulus = 420 MPa
• Poisson’s ratio = 0.33
• Densification strain = 20%
• Stress-Strain curve: Table 2.1
Foam Material
The type 63 material (MAT063), a crushable foam material, in the LS-DYNA
library was chosen for this simulation. It has optional damping and tension cutoff.
Unloading is fully elastic. Tension is treated as elastic-perfectly-plastic at the tension
cut-off value. The properties for this material model were defined as follows:
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• Density = 2000 kg/m3
• Young’s modulus = 420 MPa
• Poisson’s ratio = 0 (no transverse deformation)
• Densification strain = 20%
• Tensile stress cutoff = 200 MPa
• Stress-Strain curve: Table 2.2



















MAT024, crumple zone fully
occupied with GBA (Fig. 2.4(a))
2165.18 156.36
ii
MAT063, crumple zone fully
occupied with GBA (Fig. 2.4(a))
2165.18 156.36
iii
MAT024, crumple zone half
occupied with GBA (Fig. 2.4(c))
1810.76 94.69
iv
MAT063, crumple zone half
occupied with GBA (Fig. 2.4(c))
1810.76 94.69
*Theoretical Energy Capacity was calculated using the energy capacity for a Pana-
sonic 18650 battery. The volume for the blocks was used to determine the number of
batteries that can be placed there based on the packing efficiency. A factor of “0.8”
was used to account for other constraints (manufacturing, installation, etc.).
2.4 Variation of Parameters
The parameters used to define the properties for the GBA block in the vehicle
were varied as defined below. The homogenized material model used for all the cases
was crushable foam (MAT063).
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2.4.1 Parameter 1: Longitudinal Length
The volume of the GBA block installed in the crumple zone was varied by chang-
ing the longitudinal length. Table 2.4 shows the three cases implemented for this
parameter. Cases 1.1 and 1.3 were chosen intuitively to fill the crumple zone with
GBA for a longitudinal length of 100% and 50% respectively. Case 1.2 was chosen to
have a theoretical energy capacity of 100 kWh.









Crumple zone fully occupied








Crumple zone half occupied with
GBA (Half GBA) (Fig. 2.4(c))
1810.76 94.69
2.4.2 Parameter 2: Cross-sectional Area
The volume of the GBA block installed in the crumple zone was varied by chang-
ing the cross-sectional area. Table 2.5 shows the three cases implemented for this
parameter.
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(a) Case 1.1 – Full GBA (b) Case 1.2 – 56% GBA (c) Case 1.3 – Half GBA
Figure 2.4.: Cases for Parameter 1









Crumple zone fully occupied





Reduced cross-sectional area –
rectangular block (Fig. 2.5(b))
1855.62 100.00
2.3
Reduced cross-sectional area –
step reduction (Fig. 2.5(c))
1958.60 120.00
2.4.3 Parameter 3: Material Properties
Properties defined for the homogenized material model in previous sections were
based on one set of values of sacrificing tube diameter, thickness, and material. These
properties can be tuned by manipulating the tube characteristics. Without loss of
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(a) Case 2.1 (b) Case 2.2 (c) Case 2.3
Figure 2.5.: Cases for Parameter 2
generality, Aluminum 6061 was a priori chosen as the tube material (Section 1.2.1).
The following properties for GBA were derived from the RVE analysis (Sec. 1.2.1)
and were kept fixed for all the cases:
• Density = 2000 kg/m3
• Young’s Modulus = 420 MPa
• Densification strain = 20%
The variation of some of the other properties is explained in the following sections.
Plateau Stress
The effect of the variation of the magnitude of plateau stress was extensively
investigated using the cases shown in Table 2.6. The cases were chosen to explore the
design space below the critical stress level.
Note: Crumple zone half occupied with GBA, H1=2.1, and H2=2551.1 for all the
cases in Table 2.6.
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The stress-strain curve can be defined using these parameters - plateau stress (σp),
slope for plateau region (H1), and slope for densification region (H2).
Figure 2.6.: Stress-strain curve parameters
Taguchi designs [40] were used to vary the three parameters. Table 2.7 shows
an L4 array [40] which was defined using 3 factors (i.e. 3 parameters) and 2 levels
(i.e. 1=100% and 0=50%). The arbitrary stress-strain values described in Table 2.2
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were used as the reference values. Table 2.8 shows the cases implemented for this
parameter.
Note: Crumple zone half occupied with GBA for all the cases in Table 2.8.









1 0 0 0
2 0 1 1
3 1 0 1
4 1 1 0
Table 2.8.: Cases for Parameter 3b – Stress-Strain Curve Parameters
Case Details
3.1 σp=1.5 MPa, H1=1.05, H2=1275.55
3.2 σp=1.5 MPa, H1=2.10, H2=2551.10
3.3 σp=3.0 MPa, H1=1.05, H2=2551.10
3.4 σp=3.0 MPa, H1=2.10, H2=1275.55
2.4.4 Parameter 4: Use of Sacrificial Foam
The empty space in front of GBA was filled with a low density sacrificial foam
(Fig. 2.7). Crushable foam material model (MAT063) was used for both the GBA
block and sacrificial foam. Material properties for the foam were defined using an
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empirical relationship derived by Hou [41].
Figure 2.7.: Half GBA with sacrificial foam
Table 2.9.: Stress-strain corresponding relationship for arbitrary foam density [41]
Strain 0 σp,f/E 0.6 0.7 0.75 0.8






E0 = 64.75 GPa (Aluminum)
ρf = Foam Density
ρ0 = 2700 kg/m
3 (Aluminum)
Foam with density ratio 8% was used in the cases shown in Table 2.10:
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Table 2.10.: Cases for Parameter 4
Case Details
4.1
Half GBA (σp = 3 MPa) with half
sacrificial foam (ρf/ρ0 = 8%)
4.2
Half GBA (σp = 10 MPa) with half
sacrificial foam (ρf/ρ0 = 8%)
4.3
Half GBA (σp = 15 MPa) with half
sacrificial foam (ρf/ρ0 = 8%)
2.5 Advantage of using GBA over fully-compacted battery assembly
For comparison with GBA, a block representing fully-compacted battery assembly
(FCBA) was implemented using – purely elastic material (MAT001), Young’s modulus
= 21 GPa (50 times the value for GBA block), and density = 2463.52 kg/m3. The
cases simulated are shown in Table 2.11. All these cases have the same energy storage
capacity and total vehicle mass as Half GBA.
(a) GBA packing (b) FCBA packing
Figure 2.8.: Packing arrangement for batteries [36]
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Table 2.11.: Cases for comparison with batteries only
Case Details
5.1
Elastic battery block (sacrificing tube
weight = added as numerical mass in
passenger cabin)
5.2
Elastic battery block (sacrificing tube
weight = sacrificial foam in front (ρf/ρ0 =
13%))
5.3
Elastic battery block (sacrificing tube
weight = numerical mass + sacrificial foam
in front (ρf/ρ0 = 8%))
2.6 Simulation
The FE model consisting of 2012 Toyota Camry and the GBA blocks described
in the previous sections were simulated on LS-DYNA platform to replicate a NCAP
full frontal barrier crash test (35 mph) (NCAP test no. 7520 [38]).
2.7 Safety Evaluation
The following outputs were requested from the simulation for postprocessing:
• Force history from the wall sensors
• Stress and strain histories for the GBA block
• Accelerometer outputs for six locations across the vehicle
• Energy outputs for the full simulation
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2.7.1 Passenger Safety
Crash test data from NHTSA [42] for cars similar to 2012 Toyota Camry, with
a rating of 4 stars or better, was used to create a Vehicle Acceleration Pulse (VAP)
(Fig. 2.9). The acceleration data for each car was derived by dividing the wall force
data by the vehicle mass. The safety of the passengers was evaluated by comparing




























Figure 2.9.: Vehicle Acceleration Pulse (VAP) using crash test data from
NHTSA [42]
the VAP for the simulation with the output for Original Camry, which was set as
a benchmark. The upper safety limit for the VAP was set at 58 g (from Original
Camry).
The analysis of the human dummy model was beyond the scope of this study,
hence, Head Injury Criterion (HIC), and other safety parameters were not exclusively
evaluated. The acceleration history for the passenger cabin measured at the left-
rear floor provided a rough estimate about the acceleration levels experienced by the
passengers.
Guidelines for a crash pulse listed by Christensen et al. [43] were used to evaluate
the acceleration profile for this study:
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• acceleration should rapidly ramp up
• acceleration peak duration should be kept as short as possible
• peak acceleration should not exceed 42 g (legal requirement is 80 g)
• crash duration should be as long as possible to reduce the average accelerations
as much as possible
2.7.2 Battery Safety
The critical force for the failure was determined from cell-level experiments. It
was chosen based on the lowest point of electrical failure (voltage drop). The critical
stress limit was calculated as follows:
Fcrit = 25 kN = 25, 000N
Area = Battery radius× Battery length
= 9.1mm× 65.2mm
= 593.32mm2
σcrit = [Fcrit]/[Safety factor× Area]
= [25000]/[(2) ∗ (593.32)]
σcrit ≈ 20MPa
The safety of batteries was evaluated by investigating the stress and strain levels
on the block. The 3rd principal stress was used to gauge the compressive stresses
experienced by GBA. Based on information from experiments and simulations at cell
level (Fig. 2.10), the critical stress limit for battery was set at 20 MPa. Based on
outputs from RVE study, the critical strain limit for battery was set at 20%. It
was arbitrarily chosen from within the allowable range based on the design space
(Fig. 2.11).
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(a) Experimental set-up for battery
without cushion
(b) Force and voltage output for the experiment
Figure 2.10.: Determination of critical stress for batteries [36]
Figure 2.11.: Allowable densification strain for RVE
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3. Results
The crash response of the vehicle containing GBA blocks has been reported in the
following section. The motive is to study the outcome of the controlled variation of
the some parameters to satisfy the stated objectives. Figure 3.1 shows a few snapshots
of the crash simulation used for this study.
Figure 3.1.: Full Frontal Crash Simulation
Note: Appendix A contains the matrix listing all the investigated cases. The 3rd
principal stress contours for these cases are given in Appendix B. Appendix C contains
the force-displacement plots for these cases.
3.1 Base Model Validation
The simulation results for the base model were compared with the real crash
test data for NCAP Frontal Barrier Impact Test number 7520 (35 mph, 56 km/h)
extracted from the NHTSA database [38].
41





















Figure 3.2.: Force-Displacement comparison for real crash test and simulation























Figure 3.3.: Vehicle acceleration pulse comparison for real crash test and simulation
Figure 3.2 and Figure 3.3 depict the force-displacement data and the VAP re-
spectively for the frontal barrier impact of the 2012 Toyota Camry for the real crash
test and the model simulation. Figure 3.5 shows the acceleration histories for two
locations (engine bottom and left rear floor) for the real crash test and the model sim-
ulation. Figure 3.4 shows the locations for the accelerometers used in the simulation
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model and real crash test – left rear floor (location 1) and engine bottom (location
4).
(a) Top View (b) Side View
Figure 3.4.: Accelerometer locations for 2012 Toyota Camry [38]
The model prediction of the full frontal impact of the 2012 Toyota Camry showed
good correlation between simulation results and crash test data in terms of vehicle
time responses (Figs. 3.2 and 3.5). Hence, the model for 2012 Toyota Camry was
deemed suitable to simulate GBA installed in a vehicle and to study its crash response.
3.2 Empty Model
Figure 3.6 and Figure 3.7 show the comparison of Original Camry and Empty
Model. It is seen that the initial crash response of the two models was almost identical
because of the sole contribution of the vehicle structure in both the cases. With
increasing deformation, the contribution of components contained in the crumple zone
increases; hence, Original Camry showed higher force (and acceleration) values as
compared to Empty Model, which had a lower total vehicle mass and lesser number of
parts under impact. Empty Model also experienced a greater maximum displacement
due to lesser resistance offered by the vehicle components.
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Simulation − Left Rear
Real Crash Test − Left Rear
(a) X-Acceleration – Left Rear Floor
























Simulation − Engine Bottom
Real Crash Test − Engine Bottom
(b) X-Acceleration – Engine Bottom
Figure 3.5.: Acceleration history comparison for real crash test and simulation
(SAE CFC 60 filter used)
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Figure 3.6.: Force-Displacement comparison for Original Camry and Empty Model























Figure 3.7.: Vehicle acceleration pulse comparison for Original Camry and Empty
Model
3.3 Choice of Homogenized Material Model
Two material models available in LS-DYNA were used to represent GBA in the
vehicle model – piecewise linear plasticity (MAT024) and crushable foam (MAT063).
The crash response for the two material models was investigated as follows:
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Passenger Safety
The VAP plots comparing the two material models for two arrangements of GBA
are shown in Fig. 3.8 and Fig. 3.9. The initial acceleration profile is same for all
the cases, including the Original Camry, because only the vehicle frame (bumper and
radiator support members) is in contact with the wall.


























Figure 3.8.: Vehicle Acceleration Pulse: Effect of varying the material model for
Full GBA
Figure 3.8 shows the results for Full GBA. The maximum peak occurs at around
0.026 s for both the cases when GBA block comes in contact with the wall. MAT024
has a magnitude of 139.30 g at the peak compared to 105.3 g for MAT063.
Figure 3.9 shows the results for Half GBA. The maximum peak occurs at around
0.054 s for both the cases when the GBA block comes in contact with the wall.
MAT024 has a magnitude of 37.29 g at the peak compared to 41.88 g for MAT063.
The difference in the magnitude of peak accelerations can be attributed to the differ-
ent tensile response to inertial loads.
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Figure 3.9.: Vehicle Acceleration Pulse: Effect of varying the material model for
Half GBA
Battery Safety
Figure 3.10 and Figure 3.11 show the comparison of the 3rd principal stress con-
tours for Full GBA and Half GBA respectively. An unfavorable hourglassing defor-
mation mode was observed on the front surface of the block for MAT024 for both the
cases, which might result in inaccurate results. Also, Poisson’s effect was observed
in the middle of the front surface of MAT024 (Fig. 3.11(a)), where the longitudinal
loads show stresses in the transverse direction too. This behavior was not observed
for MAT063 (Fig. 3.11(b)) because a zero Poisson’s ratio was defined.
Remarks
Both material models had the same stress-strain input, but their deformation
mechanisms were different. MAT063 showed no Poisson’s effect, i.e., no transverse
deformation. In other words, MAT024 had a constant volume for an element under
impact whereas MAT063 had a reduction in volume for the same element.
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(a) MAT024 (b) MAT063
Figure 3.10.: 3rd principal stress contours at t = 0.030 s (at maximum acceleration)
(Range: -20 MPa to 0 MPa)
(a) MAT024 (b) MAT063
Figure 3.11.: 3rd principal stress contours at t = 0.055 s (at maximum acceleration)
(Range: -20 MPa to 0 MPa)
MAT024 showed some unfavorable hourglassing due to the different deformation
mechanism. Figure 3.12 shows that MAT024 resulted in much higher hourglass en-
ergy, indicating the simulation outputs might not be accurate. This can be controlled
by numerical manipulation, but that might adversely affect the computation time.
Based on the accuracy of results and computation time, MAT063 was chosen as
the suitable material model for defining the dynamic behavior of GBA in the vehicle.
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Hourglass Energy − MAT024
Hourglass Energy − MAT063
(a) Full GBA
























Hourglass Energy − MAT024
Hourglass Energy − MAT063
(b) Half GBA
Figure 3.12.: Comparison of hourglass energies
It was used to define the material properties for all the cases for the parametric
variation.
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3.4 Parameter 1: Longitudinal Length
The effect of varying the longitudinal length was studied using three cases. Crash
response was evaluated for passenger safety and battery safety as follows:
Passenger Safety
The predicted VAP comparing the different longitudinal lengths of GBA is shown
in Fig. 3.13. The three cases show varying magnitudes for peak acceleration. The
peak acceleration is within the set acceptable range for Cases 1.2 and 1.3.

























Figure 3.13.: Vehicle Acceleration Pulse: Effect of varying the longitudinal length
For Case 1.1, the first peak occurs at around 0.026 s when GBA block comes in
contact with the wall. The magnitude of acceleration at this point is 105.30 g. The
second peak of magnitude 29.51 g occurs at around 0.043 s. This is caused by the
GBA block colliding with the firewall.
For Case 1.2, the first peak occurs at around 0.029 s when the wheels come in
contact with the wall. The magnitude of at this point is 31.30 g. The second peak
of magnitude 43.50 g occurs at around 0.056 s. This is caused by the GBA block
colliding with the firewall.
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For Case 1.3, the first peak occurs at around 0.029 s when the wheels come in
contact with the wall. The magnitude of acceleration at this point is 33.16 g. The
second peak of magnitude 41.88 g occurs at around 0.054 s. This is caused by the
GBA block colliding with the firewall.
Battery Safety
Figure 3.14 shows the comparison of the 3rd principal stress contours for the three
cases of variation of longitudinal length of GBA. Case 1.1 shows large regions on the
(a) Case 1.1 at t = 0.030 s
(b) Case 1.2 at t = 0.055 s (c) Case 1.3 at t = 0.055 s
Figure 3.14.: 3rd principal stress contours at point of maximum acceleration
(Range: -20 MPa to 0 MPa)
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front surface of the block experiencing stresses in the critical range. The imprint of
the vehicle frame is visible on the block. Cases 1.2 and 1.3 show much lower stress
levels. Localized stresses are visible in the middle of the front surface. The magnitude
of stresses in Case 1.2 is higher than that for Case 1.1.
Remarks
The kinetic energy at the point of impact is directly proportional to the longi-
tudinal length of GBA block. That is, greater the longitudinal length (or volume)
of the GBA block, greater will be the mass, and hence, greater the kinetic energy.
Therefore, if the volume of the GBA block is increased, the peak acceleration would
increase, and then, the safety of the passengers would be compromised. Increasing
the longitudinal length also results in higher stress levels in the GBA block, which
implies it has a detrimental effect on the safety of the batteries.
Increasing the longitudinal length (or volume) of the GBA block would increase the
energy capacity, but it would negatively influence the passenger safety and battery
safety. Hence, the proper choice of longitudinal length (or volume) is a trade-off
problem.
3.5 Parameter 2: Cross-sectional Area
The effect of varying the cross-sectional area was studied using three cases. Crash
response was evaluated for passenger safety and battery safety as follows:
Passenger Safety
The predicted VAP plot comparing different cross-sectional areas of GBA is shown
in Fig. 3.15. All three cases show different magnitudes and locations for the peak
acceleration. The peak acceleration is within the set acceptable range only for Case
2.2.
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Case 2.1 shows a peak acceleration of 105.30 g at 0.026 s, Case 2.2 shows a peak
acceleration of 56.23 g at 0.032 s, and Case 2.3 shows a peak acceleration of 64.58 g
at 0.030 s.

























Figure 3.15.: Vehicle Acceleration Pulse: Effect of varying the cross-sectional area
Battery Safety
Figure 3.16 shows the comparison of the 3rd principal stress contours for the three
cases of variation of cross-sectional area of GBA. Case 2.3 shows higher stress levels
than Case 2.1 due to reduction in cross-sectional area. But, in contrast, Case 2.2 shows
relatively lower stress levels as compared to Case 2.1, which has severe localization
on the top part of the front surface due to impact from the vehicle frame.
Remarks
The VAP plot for the three cases shows that reduction in cross-sectional area
resulted in a reduction in the magnitude of peak acceleration. However, cross-sectional
area is directly proportional to the volume, and the volume of the GBA block is not
same for all the cases. Case 2.3 has a step reduction in cross-sectional area, and has a
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(a) Case 2.1 at t = 0.030 s
(b) Case 2.2 at t = 0.035 s (c) Case 2.3 at t = 0.035 s
Figure 3.16.: 3rd principal stress contours at point of maximum acceleration
(Range: -20 MPa to 0 MPa)
higher volume compared to Case 2.2, hence, a higher peak acceleration. Based on the
set critical limit for peak acceleration, only Case 2.2 would be safe for the passenger.
Evaluation for battery safety showed that reduction in cross-sectional area for the
GBA block would increase the stress levels on the batteries. But increasing the cross-
sectional area might also increase the stress levels on the batteries, depending on the
topology of the impacting vehicle frame.
The results for the three cases suggest that increasing the cross-sectional area
would compromise passenger safety and battery safety. But, increasing the cross-
sectional area also implies increasing the volume, which means higher energy storage
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capacity. So, the proper choice of cross-sectional area is a trade-off problem, as was
with the choice of longitudinal length.
3.6 Parameter 3: Material Properties
3.6.1 Plateau Stress
The effect of varying the plateau stress was investigated using five cases. Crash
response was evaluated for passenger safety and battery safety as follows:
Passenger Safety
The VAP plot showing the effect of variation of plateau stress of GBA is shown
in Fig. 3.17. The results show that there is no significant effect on the acceleration
profile. All the cases have the peak acceleration within the acceptable range.



























Figure 3.17.: Vehicle Acceleration Pulse: Effect of varying the plateau stress
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Battery Safety
Figure 3.18 shows the comparison of the 3rd principal stress contours for the four
cases of variation of plateau stress for GBA. All the cases show localized impact in the
middle of the front surface, but the average stress levels around that region increase
with the increasing value of plateau stress. Although the stress levels are still within
the critical limit for all the cases.
(a) Case 3.1 at t = 0.055 s (b) Case 3.2 at t = 0.055 s
(c) Case 3.4 at t = 0.055 s (d) Case 3.5 at t = 0.055 s
Figure 3.18.: 3rd principal stress contours at point of maximum acceleration
(Range: -20 MPa to 0 MPa)
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Remarks
The results show that changing the plateau stress had no significant effect on the
VAP. Increasing the plateau stress results in higher average stress levels, which are
within the critical limit. Hence, a high value for plateau stress, within the critical
limit, can be chosen for the material model without hampering the safety of the
passenger and battery. This would in turn increase the energy absorption capability
of GBA.
3.6.2 Stress-strain Curve Parameters
The effect of the variation of three stress-strain curve parameters was studied using
Taguchi designs. Crash response was evaluated for passenger safety and battery safety
as follows:
Passenger Safety
The VAP plot showing the effect of the variation of stress-strain curve parameters
of GBA is shown in Fig. 3.19. There is a slight variation in the acceleration profile
for the different cases. The peak acceleration is within the acceptable range for all
the cases. The results were analyzed using Minitab to determine the effect of each
parameter/factor. The peak wall force (Fig. C.4) was used as the response parameter.
The effect of each parameter on the wall peak force was quantified by analyzing
the Taguchi designs on Minitab. Table 3.1 shows the rank for each parameter when
using the peak wall force as the response data. Figure 3.20(a) shows the plot for
the mean effect for each parameter. Figure 3.20(b) shows interaction between each
parameter. Changing the plateau stress got a rank of 3, i.e., it has a minor impact on
the peak wall force. Increasing the slope for the plateau region results in an increase
in the peak wall force, whereas increasing the slope for the densification region has
the opposite effect.
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Figure 3.19.: Vehicle Acceleration Pulse: Effect of varying the stress-strain curve
parameters











1 0 0 0 732.97
2 0 1 1 725.20
3 1 0 1 754.96
4 1 1 0 710.62
Level 0 729.1 744.0 721.8
Level 1 732.8 717.9 740.1
Delta 3.7 26.1 18.3
Rank 3 1 2
There is some interaction between Factor 1 (σp) and Factor 2 (H1), and Factor
1 (σp) and Factor 3 (H2). There is no major interaction between Factor 2 (H1) and
Factor 3 (H2).
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(a) Influence of each factor on the peak wall force
(b) Interaction between the factors
Figure 3.20.: Design of Experiments analysis: Effect of stress-strain curve
parameters on peak wall force
Battery Safety
Figure 3.21 shows the comparison of the 3rd principal stress contours for the four
cases of variation of the stress-strain curve parameters for GBA. It was not possible
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to do a Design of Experiments analysis for battery safety as was done for passenger
safety because it was difficult to quanitfy the stress output for the whole GBA block.
All four cases show localized stresses on middle part of the front surface due to
impact from the vehicle frame. Cases 3.2 and 3.3 show slightly higher stress levels
compared to the other two. The stress levels are within the acceptable range for all
the cases except Case 3.3, which shows localized regions with critical stress levels.
(a) Case 3.6 (b) Case 3.7
(c) Case 3.8 (d) Case 3.9
Figure 3.21.: 3rd principal stress contours at t = 0.055 s (at maximum acceleration)
(Range: -20 MPa to 0 MPa)
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Remarks
The results showed again that changing the plateau stress had no significant im-
pact on the passenger safety. To reduce the magnitude of the wall forces (or peak
acceleration), and to improve passenger safety, the slope for the plateau region should
be decreased or the slope for densification region should be increased. The plateau
stress could be increased within the critical limit to keep the batteries safe. The effect
of the other two factors was not quantified.
3.7 Parameter 4: Use of Sacrificial Foam
The use of sacrificial foam along with Half GBA was investigated using three cases.
Crash response was evaluated for passenger safety and battery safety as follows:
Passenger Safety
The VAP plot showing the effect of using sacrificial foam with GBA is shown in
Fig. 3.22. All the cases show an advancement of the point of peak acceleration as
compared to Half GBA. There is no significant difference in the force profile for the
three cases with different plateau stresses.
There is a shift in the peak acceleration from 41.88 g at 0.054 s to around 50.56 g
at 0.030 s for all the three cases. The peak acceleration is within the acceptable range
for all the cases.
Battery Safety
Figure 3.23 shows the comparison of 3rd principal stress contours for the three cases
of using sacrificial foam with GBA. There is a visible difference between Fig. 3.23(a)
and Figs. 3.23(b), 3.23(c), and 3.23(d) – Half GBA shows localized impact on the
middle of the front surface of GBA, whereas Cases 5.1, 5.2, and 5.3 have the loads
spread out across the front surface. The localized stresses are reduced in the cases
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Figure 3.22.: Vehicle Acceleration Pulse: Effect of using sacrificial foam
with foam. Also, when using foam, increasing the plateau stress of GBA results in
higher average stresses on the block, but the stress levels are within the critical limit.
Remarks
Use of sacrificial foam resulted in changing the location and magnitude of peak
acceleration. The point of impact for Half GBA and sacrificial foam with the wall
was advanced as compared to only Half GBA. This led to a higher value for peak
acceleration, but still within the acceptable range. The foam density can be controlled
to manipulate the magnitude of peak acceleration. The volume of the foam can be
controlled to alter the location of peak acceleration.
The foam acted as a load spreader and redistributed the impact from the vehicle
frame evenly across the front surface. This helped counter localized stresses in GBA,
thus, improving battery safety.
62
(a) Half GBA at t = 0.055 s (b) Case 4.1 at t = 0.035 s
(c) Case 4.2 at t = 0.035 s (d) Case 4.3 at t = 0.035 s
Figure 3.23.: 3rd principal stress contours at point of maximum acceleration
(Range: -20 MPa to 0 MPa)
3.8 Advantage of using GBA over fully-compacted battery assembly
The advantage of using GBA over FCBA was demonstrated on the vehicle level
by simulating a block made of purely elastic material to represent batteries. Crash
response was evaluated for passenger safety and battery safety as follows:
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Passenger Safety
The VAP plot comparing GBA with three different combinations of FCBA is
shown in Fig. 3.24. Case 5.1 has a peak acceleration of 36.99 g at 0.064 s, where the
acceleration does not rapidly ramp up and has multiple smaller peaks. Case 5.2 has
a peak acceleration of 45.76 g at 0.029 s and another peak acceleration of 43.05 g at
0.041 s. The region between these two peaks show relatively high values of acceleration
for around 0.010 s. Case 5.3 shows a similar behavior to Case 5.2 with peaks of 39.68 g
at 0.029 s and 40.04 g at 0.045 s. All the cases have the peak accelerations within the
acceptable range.


























Figure 3.24.: Vehicle Acceleration Pulse: Comparison of GBA and FCBA
Battery Safety
Figure 3.25 shows the comparison of the 3rd principal stress contours for the three
combinations of FCBA. Case 5.1 shows impact near the lower middle part of the front
surface, with higher stress levels than that for Half GBA.
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Cases 5.2 and 5.3 use a foam, hence, the loads are spread throughout the front
surface, with stress levels higher than that for Half GBA. Case 5.2 has a foam with
higher density, thus, it has slightly greater stress levels than Case 5.3.
(a) Half GBA at t = 0.055 s (b) Case 5.1 at t = 0.065 s
(c) Case 5.2 at t = 0.040 s (d) Case 5.3 at t = 0.045 s
Figure 3.25.: 3rd principal stress contours at point of maximum acceleration
(Range: -20 MPa to 0 MPa)
Remarks
The results for the cases with FCBA show that the peak accelerations are within
the acceptable range, but with undesired acceleration profile characteristics – Cases
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5.2 and 5.3 show wider peaks and the acceleration for Case 5.1 does not rapidly ramp
up to the peak. These characteristics might negatively affect passenger safety.
The stress contours for the three cases of FCBA show that batteries will expe-
rience higher stress levels when used without GBA mechanism. Hence, use of GBA
mechanism improves the safety of batteries.
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4. Conclusions and Future Work
Frontal crash simulation of a full vehicle with GBA placed in crumple zone was used
to demonstrate the utility of GBA to keep the batteries and passengers safe. A
controlled variation of some parameters was performed to investigate how the design
of GBA for installation in a vehicle can be improved.
4.1 Evaluation of Results
Varying the longitudinal length of GBA in the crumple zone showed how the
proper choice of the volume of GBA is a trade-off problem. Increasing the volume
satisfies the objective of maximizing the range, but it increases the risk of battery
failure while also hampering the safety of the passenger. Also, the choice of longitu-
dinal length will determine the location of the peak acceleration, which might be a
factor in designing the restraint mechanism and airbags within the passenger cabin.
The effect of the cross-sectional of GBA was also assessed. Increasing the cross-
sectional is also a way of increasing the volume of GBA. The results for this parameter
reiterated the trade-off in the choice of volume of GBA shown by varying the longi-
tudinal length. Also, the choice of cross-sectional area is dependent on the topology
of the vehicle frame being used.
The analysis of the results for variation of the material properties showed that
changing the plateau stress has no apparent effect on the safety of the passengers.
To reduce the magnitude of the wall forces, and to improve passenger safety, the
slope for the plateau region should be decreased or the slope for densification region
should be increased. The results from the RVE study (Section 1.2.1) can then be
used to determine the tube characteristics to apply the selected properties of the
homogenized material model. A higher plateau stress can be implemented on the
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cell level by increasing the tube thickness or using a tube material with higher yield
strength. The slope of the stress-strain curve can be increased by reducing the tube
radius and increasing the tube thickness. Appendix D can be referred for the RVE
study data.
Use of low-density sacrificial foam with GBA helped in spreading the load uni-
formly across the impacting surface of GBA. It also contributed to the dissipation of
impact energy. The density and volume of the foam can be controlled to manipulate
the location and magnitude of the peak force. There was no significant difference in
the acceleration profile when using GBA with different plateau stress with sacrificial
foam.
Finally, GBA was compared to FCBA by using a block made of purely elastic
material. Three possible combinations of using FCBA in the crumple zone were
simulated. The comparison of the acceleration profiles for these cases showed that all
the cases had the magnitude of the peak acceleration within acceptable range, but
cases with FCBA showed undesirable acceleration profile characteristics. The stress
contours indicated that the batteries would experience higher stress levels when used
without the GBA mechanism.
The best design amongst the investigated cases was Case 4.3. The design param-
eters for this case were:
• Longitudinal length: Half GBA
• Cross-sectional area: Maximum available area
• Material properties: σp = 15 MPa, H1 = 2.1, H2 = 2551.1, Densification
strain = 20%
• Sacrificial foam: Half sacrificial foam (ρf/ρ0 = 8%)
It satisfied all the stated objectives – battery safety (acceptable stress levels), passen-
ger safety (peak acceleration within critical limit), and high energy storage capacity
(94.69 kWh).
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4.2 Relevance of Results
Modern passenger vehicles use a unibody configuration, which gives a high strength-
to-weight ratio. Nissan and GM use this configuration for their EVs, with the batteries
being stored in the passenger cabin. Tesla and BMW use a body-on-frame structure
in their EVs, with the batteries forming the floor. This type of design results in a
heavy vehicle overall and the manufacturing process is expensive.
The incorporation of GBA into an EV will allow for battery space to be decoupled
from passenger space, thereby increasing vehicle design freedom as well as enhancing
the available battery space. In addition to placing batteries in the rear trunk and
under the passenger seat, they could now be stored in the crumple zone of the vehicle.
This would increase the energy capacity and the range of the EV. Therefore, use of
GBA promises a potential path to unibody EVs with high specific energy storage
capacity.
Figure 4.1 shows a comparison of Camry with GBA with some of the EVs currently
in the market. As range data for Camry with GBA is not available, energy-to-weight
ratio has been used as the performance parameter. Group I shows EVs using the
body-on-frame vehicle configuration, which has a high energy storage capacity, but it
is heavy. Group II shows some EVs using the unibody vehicle configuration. These
vehicles are much lighter than those in Group I, but they also have a lower energy
storage capacity because the passenger cabin space utilized for battery storage is
rather limited. Camry with GBA utilizes the engine compartment for battery storage.
This allows for the use of a unibody vehicle configuration. This results in a vehicle
with high energy storage capacity and lower weight as compared to Group I.
4.3 Future Work
The present study helped us determine suitable characteristics of GBA which
would satisfy the stated objectives, but only selected cases were explored due to
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Figure 4.1.: Theoretical comparison of Camry with GBA with other current EVs
computational constraints. The design of GBA for installation in an EV can be
further improved further by examining the approaches listed below.
4.3.1 Multi-level Optimization
The design for GBA involves three levels - battery cell level, pack level, and vehicle
level. A multi-level optimization [44] could be used to determine the optimal design
of GBA. The objective functions would be the same for all the levels – maximize the
energy storage capacity, ensure passenger safety, and keep the batteries safe. The
pack level and vehicle level could be sequentially optimized with the battery cell level
providing the critical stress and strain values. The output for the RVE optimization,
which was performed by T. Nguyen [36], would provide the values for tube radius
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and tube thickness, which would define the design space. The topology of the vehicle
frame would act as the constraint.
4.3.2 Vehicle Base Frame
For the present study, 2012 Toyota Camry was used as the base frame for in-
stallation of GBA, i.e. the vehicle frame was kept fixed and it acted as a bound
for the optimization process. In principle, the vehicle frame can also be modified to
improve the application of GBA. The design of the vehicle frame could be introduced
as another design variable in the multi-level optimization suggested earlier.
Modifying the vehicle base frame would help in avoiding localized impact on the
GBA blocks. The mounting locations could be better designed based on the geometry
of the GBA blocks. Also, the structural components for the frame could be better
designed, which might lead to reduction in the total vehicle weight.
4.3.3 Design Process
The current design process utilizes full vehicle FE simulations to evaluate each
case, hence it is computationally very expensive. A simplified mathematical model
can be employed prior to running the FE simulations to gauge the safety of passengers
in advance and filter out unsatisfactory cases beforehand.
Figure 4.2.: Use of a mathematical model to mimic a full vehicle crash test
The mathematical model, a combination of discrete elements such as spring, mass,
dashpot, etc., would represent a full-scale impact and provide results that could be
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used instead of the experimental tests. The model constants (spring stiffness and
damping coefficient) can be varied to simulate the different cases for GBA. The safety
of the passengers can then be evaluated using the acceleration and displacement
outputs. Varat [45] talks about using accelerometer data to evaluate crash severity.
Now, full vehicle FE simulations can be run for the cases which show that passengers
are safe.
• Advantages of this approach (Fig. 4.2) are:
– Computationally cheaper because the number of FE simulations will be
reduced
– Poor initial designs can be avoided
– Process can be made iterative
– Wider design space can be explored
• There are also a few disadvantages:
– Model is assumed to be symmetric and will only give a rough estimate of
the crash response
– Closed form solution for the mathematical model might not be available,
Abaqus or Simulink can be used to get the position outputs
– An optimization routine will be required to determine the model constants
4.3.4 Parameters
A limited design space was explored for the current study due to the compu-
tationally expensive nature of the current procedure. Parameters for the material
properties, such as densification strain and Young’s modulus, can also be included
in the parametric study. Also, additional cases could be explored when choosing the
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Appendix A: Matrix of all the cases

































































































































Half GBA (σp =


























Appendix B: Stress-strain contours
Case 1.1
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.1.: Case 1.1: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
Case 1.2
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.2.: Case 1.2: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
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Case 1.3
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.3.: Case 1.3: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
Case 2.1
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.4.: Case 2.1: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
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Case 2.2
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.5.: Case 2.2: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
Case 2.3
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.6.: Case 2.3: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
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Case 3.1
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.7.: Case 3.1: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
Case 3.2
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.8.: Case 3.2: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
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Case 3.3
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.9.: Case 3.3: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
Case 3.4
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.10.: Case 3.4: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
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Case 3.5
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.11.: Case 3.5: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
Case 3.6
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.12.: Case 3.6: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
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Case 3.7
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.13.: Case 3.7: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
Case 3.8
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.14.: Case 3.8: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
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Case 3.9
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.15.: Case 3.9: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
Case 4.1
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.16.: Case 4.1: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
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Case 4.2
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.17.: Case 4.2: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
Case 4.3
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.18.: Case 4.3: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
88
Case 5.1
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.19.: Case 5.1: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
Case 5.2
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.20.: Case 5.2: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
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Case 5.3
(a) 0.030 s (b) 0.045 s (c) 0.060 s
Figure B.21.: Case 5.3: 3rd principal stress contours (Range: -20 MPa to 0 MPa)
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Appendix C: Force-Displacement plots for cases with MAT024
Parameter 1: Longitudinal Length





















Figure C.1.: Force-Displacement Plot: Effect of varying the longitudinal length for
GBA
Parameter 2: Cross-sectional Area





















Figure C.2.: Force-Displacement Plot: Effect of varying the cross-sectional area for
GBA
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Parameter 3a: Plateau Stress




























Figure C.3.: Force-Displacement Plot: Effect of varying the plateau stress for GBA
Parameter 3b: Material Properties – Stress-strain Curve Parameters



























Figure C.4.: Force-Displacement Plot: Effect of varying the stress-strain curve
parameters for GBA
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Parameter 4: Use of Sacrificial Foam



























Figure C.5.: Force-Displacement Plot: Effect of using sacrificial foam
Comparison of GBA and FCBA



























Figure C.6.: Force-Displacement Plot: Comparison of GBA and FCBA
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Appendix D: RVE Study
A representative volume element study was performed by T. Nguyen as a part of
a project with Purdue University under ARPA-E RANGE Program [36]. Data from
the study which was relevant to this study has been shown below. Figure D.1 shows
the RVE models used for analytical estimates and for unit cell analysis.
(a) Geometry used for analytical estimates of
RVE
(b) Unit cell analysis for RVE
Figure D.1.: Graphic representations used for RVE study
A multi-objective optimization was performed with the following set-up:
Objective functions:
1. Maximize the energy storage per unit of mass
2. Maximize the impact energy absorption per unit of mass
Constraints:
• Collapse load
• Densification strain: densification strain should be larger than a certain level







Based on the geometrical constraints and the collapse load constraint, a plot for the
densification strain (Fig. D.2(a)) was obtained. This was used to determine the design
space.
The optimization gave designs in the form of a Pareto front (Fig. D.2(b)) which are
equally valid optimal multifunctional solutions. This shows that the two objectives
are conflicting, i.e., and improvement in one objective leads to a degradation in the
other and vice versa, leading to trade-off solutions.
(a) Allowable densification strain for
RVE
(b) Pareto front for robust battery
Figure D.2.: Graphical outputs for RVE study
